OBJECTIVES: Surgical management of chronic aortic dissection is controversial, especially when the dissection extends into the abdominal aorta in which the visceral arteries originate from different lumens and is combined with aortic arch pathology necessitating surgery. The aim of the study was to evaluate the results of open surgery in this complex aortic pathology.
Open aortic arch surgery in chronic dissection with visceral arteries originating from different lumens 
INTRODUCTION
After the establishment of endovascular techniques for aortic repair, the surgical management of chronic type B aortic dissection became controversial because the basic aim of these techniques is the covering of intimal tears and obliteration of the false lumen. This aspect is especially important when the dissection extends into the abdominal aorta in which the visceral arteries originate from different lumens. Endovascular techniques, which offer favourable results and high rates of false lumen thrombosis in chronic dissections limited to the thoracic portion of the descending aorta, reveal their limitations in excessive dissections of the entire thoraco-abdominal aorta, especially when they are associated with multiple distal intimal tears and visceral arteries originating from different lumens [1, 2] . The same can translate to chronic dissections with co-existing aortic arch pathologies, in which 'hybrid procedures' consisting of arch replacement and antegrade application of a stent graft in the so-called frozen elephant trunk technique, are gaining increased interest [3] . However, the current reports did not consider the origins of the visceral arteries from particular lumens as a surgical criterion [3] [4] [5] . Because we postulate that this aspect is of utmost importance for the choice of surgical strategy, which should aim for an equivalent flow in both lumens rather than thrombosis and closure of the false lumen, all patients demonstrating this rare but very complex aortic pathology were treated using conventional surgery. All perioperative data were collected prospectively and an intention-to-treat analysis was performed.
PATIENTS AND METHODS
Between June 2002 and 2015, a total of 17 patients [mean age 59 years, standard deviation (SD): 13 years] presented aortic arch pathology necessitating surgery in combination with chronic dissection of the thoraco-abdominal aorta in which the visceral Figure 1 : (A) Schematic illustration demonstrating chronic dissection of aortic arch and descending aorta with visceral arteries originating from different lumens but without progressive dilatation of descending aorta. (B) Schematic illustration demonstrating surgical approach consisting of dissection of membrane resection in proximal descending aorta and complete arch replacement. (C) Preoperative multiplanar reconstruction of contrast-enhanced CT scan (angio-CT) in patient (corresponding to A) with chronic aortic dissection and false aneurysm at the distal suture line (yellow arrow) after previous ascending aorta replacement. Concomitantly, the patient suffered from mediastinitis and vascular graft infection after numerous sternal revisions, which is revealed by contrast enhancement at the edge of pericardial effusion (indicated with blue arrow). (D) Postoperative angio-CT of the same patient after complete aortic root, ascending aorta and aortic arch replacement with dissection membrane resection in proximal descending aorta ( proximal end of dissection membrane indicated with black arrow). angio-CT: computed tomography-angiography.
arteries originated from different lumens. This number results in a 5.3% rate of all total arch replacements (321) performed during this time period at the Cardiovascular Clinic in Bad Neustadt. The indication for the aortic arch replacement was its progressive dilatation caused by chronic dissection, which was accompanied by false aneurysm at the distal suture line after previous ascending aorta replacement in 2 patients (Figs 1 and 2 ). Fourteen patients (82%) had had previous cardiac surgery, which in all but one was performed on the proximal aorta because of acute type A dissection, occurring, on average, 49 months (range 21-242 months) prior. One patient suffered acute aortic dissection during minimally invasive mitral valve repair with cannulation of the femoral vessels. The dissection was diagnosed during postoperative routine examination and the patient was initially treated conservatively. However, the ascending aorta and the arch dilated progressively and finally, 22 months after the primary event, he was qualified for surgery. There were also several concomitant pathologies of the aortic root and valve, which are provided in Table 1 . Nine patients (53%) without considerable dilatation of the descending aorta received aortic arch replacement with distal resection of the dissection membrane (Fig. 1) , and 8 patients (47%) with progressive dilatation of the thoracic aorta (defined as a diameter ≥6.0 cm and/or documented diameter growth ≥1.0 cm) underwent aortic arch and descending aorta replacement via clamshell approach (Fig. 2) . All surgeries were performed by a single surgeon (Paul P. Urbanski). The detailed patient characteristics are given in Table 1 .
Surgical strategy and techniques
According to the extent of surgery, the thoracic aorta was exposed via median sternotomy (in 9 patients) or by anterior bilateral (clamshell) thoracotomy in the fifth intercostal space (in 8 patients).
The decision for choosing the particular cannulation technique was made preoperatively on the basis of computed tomography (CT)-angiography, which was performed on all patients. It confirmed the suitability of the right common carotid artery in all cases, and this approach, as it is our routine, was used for arterial return during cardiopulmonary bypass (CPB). At the beginning of our experience, a simultaneous carotid and femoral cannulation with a bifurcated line was performed in 2 patients in whom extended replacement of the entire thoracic aorta was necessary [7] . Currently, we replace the distal descending aorta with a branched vascular prosthesis and use the side-graft for cannulation with the second branch of the bifurcated arterial line and re-establish the lower body perfusion after completing the distal anastomosis [7] .
The arterial cannulation and unilateral cerebral perfusion (UCP) techniques have been described previously [7] [8] [9] . In short, the common carotid artery was prepared through a separate approach in the neck along the medial margin of the sternocleidomastoid muscle. In all patients, after heparinization, the exposed segment of the artery was cross-clamped, a longitudinal incision was made and an 8-mm vascular sealed polyester graft was anastomosed to the artery with a continuous 5.0 polypropylene suture. After connecting the arterial line and cannulating the right atrium, CPB was started with a flow of 2.2-2.4 l/min/m 2 of body surface. During lower body ischaemia under mild-to-moderate hypothermia, UCP was used for cerebral protection. The arch arteries were crossclamped and UCP was set up at a constant blood temperature of 28°C by simply reducing the arterial flow to about 1.5 l/min for the right-sided UCP [7, 9] .
In all patients, a wide and deep-as-possible distal resection of the dissection membrane was carried out under UCP and circulatory arrest of the lower body (Figs 1 and 2 ). The descending aorta was replaced, if necessary, before arch replacement, as described previously [7] . After completing the distal anastomosis, perfusion of lower body was re-established through the second branch of the bifurcated arterial line in the femoral artery, or, in patients in whom the femoral artery was not cannulated, through the arterial branch of a branched vascular prosthesis used for descending aorta replacement (InterGard Hemabridge; InterVascular, MAQUET Cardiovascular, La Ciotat, France) [7] . Correspondingly, in isolated aortic arch replacement, perfusion of the lower body was re-established after completing the anastomosis between the descending aorta and a four-branched vascular graft (InterGard Aortic Arch; InterVascular, MAQUET Cardiovascular). This fourbranched prosthesis, enabling a gradual reperfusion described elsewhere in detail [7] , was used in all patients for arch replacement. Next, proximal aortic repair was performed, and finally, in patients having descending aorta replacement, the arch and the descending aorta grafts were anastomosed end to end to complete the procedure [7] .
All concomitant surgical procedures and the operative data are presented in Table 2 .
All operative data were collected prospectively. Early mortality was considered for the postoperative time of 30 and 90 days as well as for in-hospital stay. The patients were followed up by echocardiography and CT angiography performed in our outpatient clinic or by their cardiologist, from whom written documents and radiological images, if available, were requested and reviewed. Outcomes were presented according to reporting guidelines [11] . A retrospective evaluation was performed after the study was approved by the Institutional Review Board of Rhön Clinics Campus Bad Neustadt.
RESULTS

Operative data and early outcomes
Median durations of CPB, cardiac ischaemia, lower body ischaemia and UCP were 251, 147, 32 and 61 min, respectively. UCP was performed at a blood temperature of 28.0°C under mild-to-moderate hypothermia with a median rectal temperature of 28.6°C. The operative data are provided in detail in Table 2 , where mean values are provided.
No early (defined as 30-day, 90-day and in-hospital period) deaths, strokes nor spinal cord injuries occurred. Only 1 patient (6%) presented temporary neurological dysfunctions (delirium, agitation), which resolved completely before discharge, and an injury of the recurrent laryngeal nerve was documented in 2 patients (12%). Temporary dialysis was necessary in 1 case. Three patients (18%) needed resternotomy for bleeding and 2 patients (12%) developed respiratory insufficiency necessitating reintubation, tracheotomy and prolonged ventilation. Both latter patients suffered from 
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mega-aneurysm of the thoracic aorta (e.g. the patient demonstrated in Fig. 2 ) and underwent extended aortic replacement via clamshell thoracotomy. The most frequent postoperative complication, which occurred in 7 patients (41%), was a temporary episode of atrial fibrillation.
Survival
Clinical and angiographic follow-up data were available for all patients. All but one patient, who died due to leukaemia 23 months after surgery, were alive at the last follow-up [mean duration 40.3, (SD: 32.6), range 2-118 months].
Aortic and aortic valve-related events
No patient needed a reoperation or an intervention on the thoracic and/or abdominal aorta. Moreover, no noticeable progression of the chronic dissection in the downstream aorta was documented in any patient. The median diameter of the aorta below the distal anastomosis was 3.5 cm (range 2.2-4.8 cm) at the first postoperative CT angiography and remained unchanged at the last control CT angiography, performed in 16 survivors in 28 months after surgery, on average.
There were no aortic valve-related events, such as reoperation, valve deterioration, recurrent aortic regurgitation, thromboembolism, bleeding and endocarditis reported.
DISCUSSION
The long-term surgical aim in aortic dissection is preventing the progressive dilatation and late complications. In acute cases with a thin and mobile dissection membrane, reverse remodelling with complete approximation of the aortic wall layers offers an ideal result. However, in chronic dissection, the surgery targeting the obliteration of then false lumen can be compared with a vitious circle. There is no doubt that preventing the progressive aortic dilatation or even a reverse remodelling of dissected aorta can only occur after complete thrombosis of the false lumen. This thrombosis can indeed be expected after covering the proximal intimal tear with a stent graft, provided there are not any further intimal tears in the distal aortic portion and the extent of dissection is limited [1, 2, 12] . Yet, it can be catastrophic when the organ or spinal cord supplying arteries originates in a false lumen that is getting thrombosed (Fig. 3) . Recently, Weiss et al. [3] reported about their experience with the frozen elephant trunk (arch replacement combined with antegrade application of a stent graft) technique for concomitant repair of dissected aortic arch and descending aorta. The authors defined a complete thrombosis of the false lumen as a surgical success regardless of the dissection acuity and, especially, without considering origins of visceral arteries. However, they encountered malperfusion-related complications, such as spinal cord injury, bowel ischaemia and permanent dialysis, exclusively in patients with chronic aortic dissection [3] . This unambiguous fact lets one assume that the complications could specifically occur in cases with visceral arteries originating from the false lumen; and if this is so, the false lumen thrombosis should be considered as an unacceptable risk rather than surgical success of the distal aortic endografting in such pathologies.
On the other hand, an impairment of organ perfusion after endografting the chronic dissected aorta may not necessarily occur in all cases with visceral arteries originating from different lumens. It can be avoided when there is a wide intimal tear or tears in the abdominal aorta; yet, the therapeutic aim, namely the thrombosis of the false lumen, will also fail to happen [1, 2] . The chronic dissection membrane is stiff and usually much thicker than the remaining aortic wall of the false lumen, which only consists of an adventitial layer. After covering the proximal intimal tear, the stent graft does not expand properly, and no or only partial thrombosis occurs due to existing flow through the distal intimal tear (Fig. 4) . This flow can even work like a pressure-loaded valve, causing an increase of the pressure in the proximal blind end of the false lumen and lead to an acceleration of aneurysm growth [13, 14] . To avoid such a development, the stent (or at least its distal portion) has to be anchored within the single aortic lumen after resecting the dissection membrane (Fig. 5 ) This approach, resulting in an adequate expansion of the stent graft within a single lumen, is a valuable option in cases in which conventional anastomosing is not possible, for example, in porcelain aorta [15] .
Roselli et al. [16] proposed an open fenestration at the distal landing zone to ensure the same purpose-expanding and distal anchoring of the stent within the single lumen of the aorta, and directing the flow to both lumens below the stent-and presented a series of 24 patients who underwent a complete arch replacement with distal fenestration and antegrade endografting of the descending aorta through median sternotomy. They argued that this technique is 'less morbid' than conventional aortic replacement through an extended surgical approach, like hemi-clamshell or clamshell incision, emphasizing that none of their patients suffered respiratory complications (reintubation or tracheostomy) and comparing it with the 17% rate of those complications as reported by Kouchoukos after clamshell surgery [17] . Admittedly, the results presented by Roselli et al. speak for excellent intensive care at Cleveland, but they can also be partially fortunate and fortuitous because the recent observation of more than 1200 elective patients who underwent complete arch replacement through median sternotomy at 11 European centres revealed a need for reintubation and/or tracheostomy with a rate of 21% as one of the most frequent postoperative complications [18] . Moreover, the Roselli's approach is connected with a weakening of the aorta at the site of the longitudinal incision through the aortic wall consisting of an adventitial layer only. The authors admitted fairly that this problem led to a rupture or false aneurysm formation in a total of 3 patients [16] . The need for a retrograde deployment of an additional stent graft in a second stage procedure as well as the high costs would complete the list of differences between this hybrid procedure and conventional surgery. On the other hand, the updated results after Kouchoukos's one-stage repair of extensive chronic thoracic aortic dissection demonstrated that, in addition to excellent surgical results, there is a very high freedom from reoperation for aneurysmal growth of the distal aorta [6] .
The chronic dissection of the aortic arch and the descending aorta is most frequently sequela of Type A dissection treated by a limited replacement of the proximal aorta. The distal extent of the dissection can vary to different degrees. Patients with a dissection limited to the thoracic aorta can be treated by a curative resection of the all dissected aorta, regardless of the length of the dissected portion (Fig. 6 ). Those with a dissection extending to the abdominal aorta present a diagnostic and therapeutic challenge even if the abdominal aorta is not dilated and does not necessitate a thoraco-abdominal repair. However, the origins of visceral and spinal cord supplying arteries play a very important role for outcomes in surgery of the thoracic aorta and should be carefully considered for particular types of repairs. Because in such patients very individual strategy has to be chosen, a randomization of different methods is hardly possible. Further, the rarity of such complex aortic pathologies results in small series, which can additionally be burdened by selection bias, and we acknowledge that this is the most important limitation of the study reported here. Nevertheless, our study cohort represents an entire experience with those rare pathologies as encountered in a referral aortic centre during a 13-year period of prospective observation, in which only one surgical method was used and analysed on the intent-to-treat basis.
The results presented here indicate that conventional aortic arch repair with distal resection of the dissection membrane and, if necessary, with replacement of the progressive dilated chronic dissected thoracic aorta can offer excellent results in experienced hands and that this method may be considered as a preferable option for surgical treatment of chronic aortic dissection with involvement of the aortic arch and the visceral arteries originating from different lumens.
Given that the evolving techniques will continue to develop and to provide more sophisticated devices, further prospective observations, preferably in the form of registries, should be performed to determine the optimal surgical methods for particular cases of complex aortic pathologies.
Different eras have different paradigms according to evolving experience as well as to the preferred technology. While surgical connection to both lumina always was the basic principle in classical post-dissection aneurysm surgery, complete exclusion of the false lumen (at least at the thoracic level) is the basic principle for post-dissection aneurysm treatment by thoracic endovascular aortic repair (TEVAR) as it is the case with using the frozen elephant trunk (FET) technique. Both conceptual approaches obviously have their justification and their success rates but it remains to be determined if TEVAR alone in chronic post-dissection aneurysmal formation is able to provide the same excellent long-term results as classical surgery-probably not, but still in selected cases, this approach is effective [1] [2] [3] . FET alone may also not be able to claim the same effectiveness, but the concept of applying the technique is more and more frequently used as an intermediate step to make facilitate secondary thoraco-abdominal replacement [4] . Finally, the size of the true lumen may be a limiting factor as in particular true lumen diameter patients with rapid progression to post-dissection aneurysmal formation seem to have a smaller true lumen diameter than the ones remaining with stable diameters.
